The two sibling bat species Myotis myotis and Myotis blythii occur in sympatry over wide areas of Southern and Central Europe. Morphological, ecological and previous genetic evidence supported the view that the two species constitute two well-differentiated groups, but recent phylogenetic analyses have shown that the two species share some mtDNA haplotypes when they occur in sympatry. In order to see whether some genetic exchange has occurred between the two species, we sequenced a highly variable segment of the mitochondrial control region in both species living in sympatry and in allopatry. We also analysed the nuclear diversity of 160 individuals of both species found in two mixed nursery colonies located north and south of the Alps. MtDNA analysis confirmed that European M. blythii share multiple, identical or very similar haplotypes with M. myotis. Since allopatric Asian M. blythii presents mtDNA sequences that are very divergent from those of the two species found in Europe, we postulate that the mitochondrial genome of the European M. blythii has been replaced by that of M. myotis. The analysis of nuclear diversity shows a strikingly different pattern, as both species are well differentiated within mixed nursery colonies (F ST Z0.18). However, a Bayesian analysis of admixture reveals that the hybrids can be frequently observed, as about 25% of sampled M. blythii show introgressed genes of M. myotis origin. In contrast, less than 4% of the M. myotis analysed were classified as non-parental genotypes, revealing an asymmetry in the pattern of hybridization between the two species. These results show that the two species can interbreed and that the hybridization is still ongoing in the areas of sympatry. The persistence of well-differentiated nuclear gene pools, in spite of an apparent replacement of mitochondrial genome in European M. blythii by that of M. myotis, is best explained by a series of introgression events having occurred repeatedly during the recent colonization of Europe by M. blythii from Asia. The sharp contrast obtained from the analysis of mitochondrial and nuclear markers further points to the need to cautiously interpret results based on a single class of genetic markers.
INTRODUCTION
The role of hybridization in evolution is still debated among biologists. For botanists, it is clear that hybridization plays a role in creating new diversity either by introgression of single alleles, or by the establishment of recombinant genotypes as a new species (Barton 2001) . Zoologists traditionally view hybridization as a rare phenomenon, an 'evolutionary dead end' of no particular significance in evolution, except to reinforce reproductive isolation of species through selection against hybrids (Dowling & Secor 1997) . Some recent reviews and theoretical studies have tried to reconcile these different views, in particular by jointly considering the effects of gene flow and selection (Barton 2001; Morjan & Rieseberg 2004; Seehausen 2004) , i.e. those species may evolve collectively at major loci through the spread of favourable alleles, while simultaneously diverging at other loci owing to drift and local adaptation.
We report in this paper a study on the genetic relationship between two sibling mouse-eared bat species, Myotis myotis (Borkhausen, 1797) and Myotis blythii (Tomes, 1857). These two species occur sympatrically over most of Southern and Central Europe and often form mixed roosting groups (Ruedi et al. 1990; Arlettaz et al. 1991) . Although both species are difficult to distinguish morphologically and qualify as sibling species, a combination of several morphological measurements generally allows an unambiguous discrimination (Ruedi et al. 1990; Arlettaz et al. 1991) . Two allozyme loci also clearly distinguish the two species, as no hybrid genotypes were found in more than 300 individuals analysed in sympatry (Ruedi et al. 1990; Arlettaz et al. 1997b) . The two species were also shown to differ in their ecology and physiology, i.e. they generally use different feeding habitats, occupy distinct food niches (Arlettaz et al. 1997a) and their parturition time differs (Arlettaz et al. 2001) . Given these multiple differences and fossil records, Arlettaz et al. (1997b) proposed a scenario of allopatric speciation for the two species, where the ancestral Myotis population would have become subdivided during a glacial period of the Pleistocene. The ancestral M. myotis would have occupied the western range and adapted to forested habitats of the Mediterranean region, while the ancestral M. blythii found in the eastern part of the range would have adapted to Asian steppic environments. Under this scenario, no gene flow would have been possible between the two species until M. blythii reinvaded Europe, probably as late as during the Holocene (Piksa & Woloszyn 2001) .
At the intraspecific level, a phylogeographical study of M. myotis has revealed that mtDNA diversity is highly structured geographically, with the Alps constituting a major barrier to dispersal (Castella et al. 2001; Ruedi & Castella 2003) . While nuclear diversity is not as highly structured, the Alps still constitutes a significant barrier to gene flow (Castella et al. 2001) . However, a recent study of mtDNA diversity raised the possibility of past gene flow between M. myotis and M. blythii. Indeed, showed that some M. blythii from Spain shared the same mitochondrial cytochrome b haplotype as that found in most Iberian M. myotis. The analysis of another mtDNA gene (nd1) further revealed that lineages from both species did not constitute monophyletic units (Mayer & Helversen 2001) . This unexpected sharing of mtDNA lineages between both species could be explained by the retention of some ancestral polymorphism, incomplete lineage sorting, or recent introgression between M. myotis and M. blythii.
In order to investigate more precisely the nature of genetic interactions between these two species, we sequenced the mtDNA control region of additional M. blythii sampled across other areas of sympatry to refine the phylogeographical picture of the M. myotis-M. blythii complex in Europe. We also investigated the pattern of nuclear diversity at five microsatellite markers in two mixed nursery colonies of Switzerland and Italy, to see if the observed mtDNA lineage sharing could be confirmed at the nuclear level and if recent traces of interspecific gene flow could be found between the two sister species.
MATERIAL AND METHODS
(a) Sampling and DNA amplifications To investigate the degree of overlap between mitochondrial lineages in Europe, we extended the extensive sampling of M. myotis mtDNA control region sequences already available (see Ruedi & Castella 2003 ) with 7 samples of M. myotis from Greece and Bulgaria and with 21 samples of M. blythii from Spain, France, Italy, Bulgaria and Greece (table 1) . Both species are known to live in sympatry in all these areas. As no M. myotis occur in central Asia, four M. blythii from Kirghiztan were also analysed to act as an allopatric outgroup.
The nuclear diversity was investigated in two mixed nursery colonies located in Southern Switzerland (Valais) and in Northern Italy (Aglié). Forty bats of each species were sampled and analysed in each colony, thus constituting a total of 160 individuals. The Swiss bats were actually sampled in two neighbouring colonies (at Raron and Naters), 14 km apart, but we considered them as a single colony since previous ring studies (R. Arlettaz 2004, personal communication) had shown that the same individuals used both colonies, and because there was no significant genetic differentiation between them (F ST Z0.008, pO0.10, as previously determined by Castella et al. 2001) . Species identification was made in the field using morphological criteria (ear length, tooth row length, presence or absence of a white spot between the ears) defined by Arlettaz et al. (1991) . Note that a few (less than 5%) individuals that could not be unambiguously identified with these external criteria were released without being sampled.
The tissue samples were obtained using a sterile biopsy punch of the wing membrane (Worthington Wilmer & Barratt 1996) . The wing biopsies were fixed in 90% ethanol at ambient temperature and then stored at K208C until DNA extraction. Based on whole DNA extracts, 308 bp of the second hypervariable domain (HVII) of the control region (D-loop) were amplified and sequenced, as described by Castella et al. (2001) . The bats from the mixed colonies were genotyped at the five microsatellite loci that successfully amplified for both species (C113, D9, E24, H29 and H19; . Seven other loci developed for M. myotis could not be used because they failed to amplify in M. blythii or gave uninterpretable banding patterns.
(b) Measure of interbreeding The five-locus genotypes of the 160 bats sampled in the two areas of sympatry were analysed with the program NEWHYBRIDS (Anderson & Thompson 2002) , which implements a Bayesian method aimed at detecting the presence of hybrids from a sample of individuals of mixed origins. In more detail, the program estimates the allele frequencies in the two parental populations and for each genotype its posterior probability of being pure or hybrid origin. While it is in principle possible to consider as many hybrid categories as needed (F1, F2, F3, backcrosses, etc.) , the available data may not be sufficient to reliably distinguish between these numerous categories, and it seems more appropriate to concentrate on the hybrid categories which could be formed by the last two generations of interbreeding: F1, F2 and the backcross of F1 with the two parental species. It is then possible to assign to each hybrid category a Q-value, which is defined here as the proportion of the genome of an individual being of M. myotis origin (e.g. the Q-value of a F1 individual is 0.5). Following Anderson & Thompson (2002) , the prior distribution of allele frequencies at the l th locus was assumed to be Dirichlet distributed with parameters l l, j Z1/K l , where K l is the number of alleles observed at the l th locus and j varies between 1 and K l . NEWHYBRIDS obtained the posterior distributions based on a Markov chain Monte Carlo procedure, with a burn-in of 10 000 steps, followed by a sampling period of 10 000 steps, as recommended by the authors of the program. The convergence of the Markov chain was checked by visual inspection over several independent runs. We slightly modified the format of the output of NEWHYBRIDS to make it compatible with the program DISTRUCT (Rosenberg 2004) , which allows a graphical representation of the posterior probabilities to be obtained ( figure 2) .
By simulation, we tested whether the results observed with NEWHYBRIDS could have been observed by chance alone in the absence of any interbreeding between the two species. Using the program SIMCOAL , we simulated the evolution of two allopatric species which had been separated 5000 generations ago. The effective size of the two species was set to 5000 individuals, after some adjustment, since this combination of divergence time and population size led to an empirical F ST value of about 18%, which is the level of differentiation observed between the two species for the five microsatellites studied here (see §3). The nuclear diversity at five microsatellite loci for 40 diploid individuals per species was generated by setting the mutation rate to mZ5!10 K4 per locus (Ellegren 2004 ) without specifying any range constraint for the alleles. We performed a total of 1000 simulations, which were all haplo-group polymorphic positions 1 1 1 1 5 6 7 9 9 9 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 3 4 7 9 6 8 1 2 5 1 1 2 2 2 2 3 4 4 5 6 6 7 7 7 8 9 1 2 3 4 0 5 6 9 1 5 3 7 8
M. myotis Haplogroups were defined following Ruedi & Castella (2003) . Figure 1 is a maximum parsimony network obtained with the program TCS v. 1.18 (Clement et al. 2000) , showing the relationships among 21 HVII sequences of M. blythii, 7 sequences of M. myotis from Greece, Bulgaria, Italy, France and Spain, 4 sequences of M. blythii from Kirghiztan and more than 460 previously published sequences of M. myotis (Castella et al. 2001; Ruedi & Castella 2003) . It shows that all 16 different haplotypes of European M. blythii are intermingled within those of M. myotis in the network and do not form a distinct cluster. All M. blythii haplotypes are indeed identical to or within one to three mutations from those (b) Nuclear DNA diversity The nuclear diversity at the five microsatellite loci assayed in both species was comparable, but not identical (table 2) . For instance, at the locus C113, all 80 M. myotis were fixed for the seven-repeat allele, while M. blythii individuals were polymorphic for the six-, seven-and eightrepeat alleles. For the locus E24, M. blythii showed alleles varying by 2 bp (as expected for this TC-dinucleotidic locus, as well as by 1 bp, while only 2 bp repeat alleles were found in M. myotis. Therefore, both species do share some alleles, but some are private to M. blythii. The comparison of the overall nuclear diversity within and between species located north and south of the Alps revealed a drastically different pattern of gene flow than that exhibited by mtDNA. The level of genetic differentiation, as measured by F ST , was much higher between species within locality (F ST Z0.20, p!0.001 in Italy and F ST Z0.17, p!0.001 in Switzerland), than between populations within species (F ST Z0.023, p!0.001 for M. myotis and F ST Z0.017, pZ0.004 in M. blythii ). Populations of M. myotis and M. blythii are not only significantly differentiated north and south of the Alps, but differences between species are also similar in each area and about 10 times larger than at the intraspecific level.
Kirghiztan
(c) Measure of interbreeding The NEWHYBRIDS analysis was performed separately in the Aglié and Raron-Naters samples to provide two replicates (figure 2). The results suggest that most bats morphologically identified as M. myotis are indeed classified as purebred M. myotis. Their posterior probability of being purebred M. myotis is greater than 0.97 in 73 cases, greater than 0.81 in four cases, and there are only two individuals that could be convincingly classified as F2 hybrids (i.e. with less than 0.5 posterior probability of being purebred). In contrast, at least 14 bats morphologically identified as M. blythii are likely to be hybrids (either F2 or backcrosses F1-M. blythii ), using the same posterior probability threshold of 0.5. Overall, we find that the average probability of M. blythii individuals being of hybrid origin is 25%, while it is only 4% in M. myotis. Both the average level of hybridization and the asymmetry of hybridization between M. myotis and M. blythii are similar in the two areas of sympatry sampled. We also note that no F1 and no backcrosses F1-M. myotis were detected (figure 2). In addition, since a few morphologically ambiguous individuals were not sampled (see §2), the true frequency of hybrids is probably underestimated. We report in figure 3 the distribution of Q-values, which is the expected proportion of the genome of an individual being of pure M. myotis ancestry. NEWHYBRIDS estimates, for each individual, the probability of the different hybrid categories which can be easily translated into Q-values as QZ P q k !PðC k Þ, where P(C k ) and q k are the probabilities to belong to the hybrid category C k and the q-value of the C k hybrid category, respectively. Consistent with the results of figure 2, figure 3 shows that most M. myotis individuals can be considered as non-hybrids, whereas M. blythii samples appear much more introgressed by M. myotis genes. Overall, we find that M. blythii have a proportion of QZ9.3% of their genes coming from M. myotis, while the latter species has integrated only about 2.1% of M. blythii genes.
(d) Simulation study
The analysis of simulated samples drawn from two completely isolated population with the same level of divergence than that between M. myotis and M. blythii (F ST Z0.18) with NEWHYBRIDS reveals that 96.4% of individuals (mean of 1000 replicates) are correctly identified as being pure parental genotypes. The incorrectly classified individuals (3.6% of cases) are mostly identified as backcrosses with their own species (1.8%) or as F2s (1.3%) and more rarely as F1s (0.2%), or as backcrosses with the other species (0.1%). Thus, these results clearly show that the NEWHYBRIDS program does not infer an excess of false hybrid individuals on the basis of the multi-locus genotypes obtained by typing as few as five microsatellites. Our results are in keeping with another simulation study (Vähä & Primmer 2006) which showed that the few misclassifications of NEWHYBRIDS were essentially backcross genotypes considered as purebred parental individuals.
DISCUSSION (a) Mitochondrial replacement
The following surprising features characterize the mitochondrial DNA variation of the two sibling species of bats sampled in Europe (figure 1 and Mayer & Helversen 2001) : (i) compared to the extensive haplotype database already accumulated in M. myotis (Ruedi & Castella 2003) , no new divergent lineage has been found in M. blythii sampled in Europe, whereas those from Kirghiztan (located thousands of kilometres away from the nearest M. myotis) do differ extensively (greater than 7% genetic dissimilarity) from any European samples; (ii) contrary to the general pattern found for the highly variable control region in other species, European M. myotis and M. blythii share several identical haplotypes; (iii) haplotypes of each species sampled in the same geographical area are similar (or even identical), regardless of taxonomic boundaries. Therefore, in Europe, both species share mitochondrial lineages as if they were a single species. Shared ancestral polymorphism or incomplete lineage sorting is commonly invoked to account for non-monophyletic relationships among closely related species (e.g. Donnelly et al. 2004) . However, multiple ancestral sequences are very unlikely to persist in each species through random lineage sorting and if that pattern occurred by chance, no obvious correlation with geographical location is expected (Powell 1983) . Likewise, positive selection of M. myotis-like haplotypes could favour their quick replacement in M. blythii individuals, but this would imply that selective sweeps happened several times with different variants in European M. blythii. Although we do not dismiss this possibility, it appears more probable that the original mitochondrial genome of M. blythii found today in Asia has been repeatedly replaced through hybridization during the recent range expansion of that species into Europe. The necessarily low density of the invading M. blythii compared with the resident M. myotis could have favoured heterospecific matings in the early stages of their secondary contact. This phenomenon, known as Hubbs' principle, has being documented in several animal species such as fishes (Hubbs 1955) or birds (Grant & Grant 1992; Randler 2002) . Taking into account the fact that gene flow is highly male-biased in Myotis bats (Castella et al. 2001) , this early demographic imbalance would have favoured the loss of femaletransmitted genes of the invading species. Recently, simulations of human spatial expansions (Currat & Excoffier 2004 ) suggested that the genome of an invading species may indeed quickly get invaded by the genome of the resident species if both can hybridize. This is expected owing to the progressive dilution of the invading genome in spatially expanding populations. These simulation results fit with our observation that M. blythii is the invading species and suggest that the original M. blythii mtDNA genome has been replaced by the local lineages of M. myotis during their expansion into Europe, until the original genes have finally been lost. Under this model, the correlated phylogeographical patterns observed in both species for mtDNA would result from a succession of mtDNA genome replacements during the westwards colonization of Europe by M. blythii.
(b) Asymmetric nuclear DNA introgression In sharp contrast to mtDNA, sympatric populations of M. myotis and M. blythii differ markedly at the nuclear DNA level, with levels of genetic differentiation being an order of magnitude higher between species than within species (F ST Z0.18 versus F ST Z0.02, respectively). This pattern of differentiation is highly consistent in the two areas of sympatry located south and north of the Alps we examined. This confirms an earlier body of evidence showing that interspecific gene flow is necessarily very limited to maintain the numerous phenotypic, behavioural and allozymic differences that characterize each species (Ruedi et al. 1990; Arlettaz et al. 1997a,b) . Although most bats sampled in the same nursery colony were purebred parental forms (figure 3), the Bayesian analyses of individual genotypes revealed that 2 out of 80 bats identified morphologically as M. myotis and 14 out of 80 M. blythii were classified as hybrids with high posterior probability (figure 2). This represents 10% of all bats genotyped, which is well beyond the expected 4% misclassification rate suggested by our simulations. Although no F1 hybrids were detected, either because they are effectively rare in the mixed colonies, or perhaps because the few atypical individuals excluded during the sampling process were those F1s (see §2), our results not only demonstrate that some interspecific gene flow is still ongoing, but also that gene introgression is highly asymmetrical ( figure 3) . Indeed, all second-generation hybrids were in the direction of M. blythii, while no backcross in the reverse direction was detected (figure 2). Different pre-and post-zygotic mechanisms such as assortative mating, female choice, partial sterility, or biased survival of hybrids might account for asymmetric gene introgression between two species (Chan & Levin 2005) . Since almost nothing is known about their mating systems, further studies are needed to elucidate the causes of the observed asymmetric gene introgression between M. myotis and M. blythii.
(c) Genome porosity between biological species The pattern of ongoing nuclear gene introgression between M. myotis and M. blythii was consistent in both areas of sympatry sampled (figure 2) and raises the question of how two biological species can maintain their genetic integrity in face of such levels of hybridization. Given a rate h of successful hybridization, Clarke et al. (1996) showed that differences between nuclear allele frequencies should fall to 2% after 2/h generation. In the case of M. myotis and M. blythii, with about 10% inferred hybrids, gene pools would quickly homogenize, which is not the case, suggesting that hybrids are counter selected. The level of selection against hybrids can be roughly estimated if one assumes that there is a single locus affecting the fitness of hybrids. Assuming equilibrium between migration and selection, Barton & Bengtsson (1986) have indeed shown that the effective migration rate m e at a neutral locus located r units of recombination from the selected locus is m e Zmr(1Ks)/[sCr(1Ks)], where m is the true migration rate and 1Ks is the fitness of hybrids. If we assume that m e determines the level of differentiation between the two species as F ST Z1/(1C4Nm e )Z0.18 and that the fraction of introgressed genes of M. myotis in M. blythii QZ0.093 represents the migration rate m before selection, we can estimate, for a given deme size N, the selection coefficient s as (QKm e )/(QCm e )Z0.78 (for NZ100). Thus, such a selection coefficient would be sufficient to explain the strong differentiation observed between species despite the relatively high levels of ongoing gene flow we have measured. This level of selection against hybrids is certainly an underestimate as the observed level of gene flow has already been reduced by selection against hybrids. For instance, if Q was initially as high as 20%, s would be equal to 0.89 (still for NZ100), implying that about 90% of the hybrids would be directly eliminated by selection. Note that such a high mortality of hybrids would explain why we do not observe (or overlooked) any F1 in our samples. However, it appears actually more probable that several genes are involved in maintaining interspecific barriers (e.g. Wu 2001) , which are more efficient in preventing gene flow between species during the speciation process. Along these lines, a recent simulation study of a spatial expansion process with possible hybridization has shown (Eswaran et al. 2005) that if eight or more loci are controlling phenotypic differences between species, very little introgression would be possible between the two species. Thus, it appears that the simultaneous complete replacement of M. blythii mtDNA and the maintenance of a strong nuclear differentiation between species can be well explained by the presence of several nuclear loci being counter-selected in hybrid individuals irrespective of their mtDNA background.
(d) Conclusions
A variety of other organisms including plants (Petit et al. 2004) , insects (Powell 1983) , fishes (Bernatchez et al. 1995 ), or mammals (Tegelströ m 1987 show evidence of mitochondrial genome replacement, even away from any current zone of hybridization (Melo-Ferreira et al. 2005) . Frequency-dependent genome replacement proposed for Myotis could also apply to other historic range expansions of closely related species. As this process would occur essentially during the early stages of spatially expanding populations, present events of hybridization are difficult to distinguish from more ancient ones with mtDNA markers alone. Thus, the combination of nuclear and mitochondrial DNA markers provides a better approach to tease apart these different perspectives on gene flow. The sharp contrast of results obtained from the mitochondrial and nuclear markers further points to the need to interpret cautiously results based on a single class of genetic markers. This is especially relevant for the estimation of gene flow among populations (Castella et al. 2001) , for species being managed, or for taxonomic applications based on single-gene sequences, like the barcoding of animal life (Hebert et al. 2003) . We also show that patterns of intra-and interspecific gene flow need to be interpreted not only in the context of current processes potentially influencing the extent of introgression, but also by taking into account historical factors such as demographic expansions to fully understand the evolutionary importance of hybridization in natural populations.
Although bats represent a quarter of all mammalian species (Simmons 2005) , hybridization has been documented only twice in this group (Webb & Tidemann 1995; Hoffmann et al. 2003) , suggesting that hybridization is a rare phenomenon in bats. Previous attempts have failed to detect hybrid genotypes in the genus Myotis (Herd & Fenton 1983; Ruedi et al. 1990 ). The availability of better, highly variable nuclear markers (microsatellites) and of more powerful Bayesian methods to distinguish parental and hybrid genotypes ( Vähä & Primmer 2006 ) may now change our perception of natural hybridization, in bats and in other animals or plants, and provide better opportunities to detect speciation genes (Wu 2001) .
